Background: XIAP E3 ligase induces mitochondrial membrane permeabilization, resulting in intramitochondrial degradation of its inhibitor Smac. Results: Mitochondrial XIAP action is triggered by drug inducers of apoptosis and occurs before Drp1-mediated cytochrome c release. Conclusion: Pre-activation of mitochondrial XIAP action can protect against caspase activation. Significance: Mitochondrial processing by XIAP constitutes a new antagonistic component of intrinsic apoptosis signaling.
test this scenario, we pre-activated XIAP at mitochondria via mitochondrial depolarization or by artificially targeting XIAP to the intermembrane space. Both approaches resulted in suppression of TNF-mediated caspase activation. Taken together, we propose that XIAP enters mitochondria through a novel mode of mitochondrial permeabilization and through Smac degradation can compete with canonical MOMP to act as an anti-apoptotic tuning mechanism, reducing the mitochondrial contribution to the cellular apoptosis capacity.
The induction of mitochondrial outer membrane permeabilization (MOMP), 3 to support activation of executioner caspases, is paramount for effective cancer cell killing (1, 2) . To initiate MOMP, BH3-only proteins bind to inhibit pro-survival Bcl-2 family members or directly bind and activate Bax and Bak (3, 4) , which permeabilize the mitochondrial outer membrane. Consequently, pro-apoptotic factors, including Smac (second mitochondria-derived activator of caspases) (5) and cytochrome c (6) , are released to the cytosol to relieve caspase suppression and activate executor caspases, respectively. X-linked inhibitor of apoptosis protein (XIAP), an endogenous caspase inhibitor, blocks initiator and executioner caspases by binding to caspases via its baculoviral inhibitor of apoptosis repeat domains (7) (8) (9) and through E3 ligase-mediated caspase degradation (10) . Following apoptosis induction, caspase activities are suppressed by XIAP (11) . Consequently, cells with high * This work was supported by the German Cancer Research Center through SBCancer within the Helmholtz Alliance on Systems Biology funded by the Initiative and Networking Fund of the Helmholtz Association (to N. R. B.) and by e:Bio Grant 0316191 (LysoSys) from the Federal Ministry of Education and Research, Germany (to A. H.-B.). The authors declare that they have no conflicts of interest with the contents of this article. 1 To whom correspondence may be addressed: INF 267, BQ0045, Heidelberg 69120, Germany. Tel.: 49-6221-5451234; Fax: 49-6221-5451485; E-mail: a.brady@dkfz.de. 2 To whom correspondence may be addressed: INF 267, BQ0037, Heidelberg 69120, Germany. Tel.: 49-6221-5451234; Fax: 49-6221-5451485; E-mail: n.brady@dkfz.de.
XIAP require MOMP-mediated release of Smac to inhibit XIAP-mediated caspase suppression (12) . In addition, XIAP participates in the upstream and downstream regulation of MOMP, distinct from its direct caspase delay and suppression functions. During anoikis, XIAP can activate Bax/Bak-mediated MOMP, resulting in Smac and cytochrome c release (13) . Following MOMP, XIAP has been proposed to directly bind to Smac inside mitochondria and impede its release (14) or to target cytosolic Smac for proteasomal degradation (15) . We recently reported that BH3-only protein expression or chemical mitochondrial uncoupling triggered rapid XIAP-mediated MOMP and concomitant XIAP entry into inner mitochondrial compartments (16) . The action of XIAP at mitochondria was characterized by ubiquitylation of the outer mitochondrial membrane (OMM) and inner mitochondrial compartments and by recruitment of endolysosomal machinery into mitochondria, independently of mitophagy. Importantly, intramitochondrial XIAP induced the degradation of its inhibitor Smac, whereas cytochrome c release was only partially activated, thus suggesting a novel anti-apoptotic role for mitochondrial XIAP.
Here, we elucidated function and regulation of mitochondrial XIAP action within the intrinsic apoptosis signaling pathway. We demonstrate that XIAP entry into mitochondria is mediated by Bax and Bak and antagonized by pro-survival Bcl-2 family proteins. Furthermore, we show that mitochondrial XIAP action prominently occurs in response to drug-induced intrinsic and extrinsic apoptosis and phenotypically results in a reduced pre-MOMP delay, the lag time between the administration of an apoptotic stimulus and the onset of mitochondrial permeabilization. Importantly, we show that XIAP entry and subsequent intramitochondrial targeting of Smac are distinct from Drp1-regulated cytochrome c release during canonical MOMP. To determine whether XIAP action at mitochondria can protect against drug-induced apoptosis, we explored XIAP action at mitochondria versus direct caspase suppression activities using a systems biology approach. Combined mathematical modeling and experimental approaches revealed conditions whereby XIAP suppression of mitochondrial Smac significantly cooperates with downstream XIAP inhibition of caspases.
Based on these findings, we propose that following apoptosis induction XIAP-induced membrane permeabilization 1) is mechanistically and functionally distinct from canonical, pro-apoptotic MOMP, and 2) under increased XIAP levels functions as an anti-apoptotic tuning mechanism capable of reducing the mitochondrial apoptosis capacity via intramitochondrial Smac degradation.
Experimental Procedures
Plasmids-XIAP was cloned as N-terminally fused to tagRFP and GFP. Intermembrane space (IMS)-RFP-XIAP was constructed by fusing the first 49 amino acids of Smac, responsible for its targeting to the intermembrane space (5) to the N terminus of RFP-XIAP. Wild type pcDNA3-HA-Drp1 and dominant negative (DN) pcDNA3-HA-Drp1(K38A) mutant were obtained from Ref. 17 , and WT-and DN-Drp1 were subcloned to pmCherry-C1. pQCXIP-Vx3K0-mEGFP was obtained from (18) . In text and figures, tagRFP and mCherry are both referred to as RFP.
Cell Culture-Human MCF7 breast cancer (CLS Cell Line Service) and HeLa Kyoto cervical cancer cell lines were maintained in DMEM (1 g/liter D-glucose, 0.11 g/liter sodium pyruvate) and embryonic kidney 293T cells in DMEM (4.5 g/liter D-glucose), supplemented with 10% FBS, L-glutamine, nonessential amino acids, and penicillin/streptomycin/amphotericin B. Bax/Bak double-knock out (ATCC CRL-2913 TM ) and WT SV40 (ATCC CRL-2907 TM ) mouse embryonic fibroblasts (MEFs) were maintained in Iscove's modified Dulbecco's medium containing L-glutamine and HEPES and supplemented with 10% FBS, nonessential amino acids, and penicillin/streptomycin/amphotericin B.
Gene Expression and Drug Treatments-Transient transfections were performed using JetPRIME transfection reagent (Peqlab), and experiments were performed following 24 h of expression, unless stated otherwise. For stable lentiviral gene transfer, pCDH-puro-CMV carrying the super-folding GFPtagged caspase-3/-7 sensor (GC3A1) (19) was calcium-phosphate-transfected into 293T cells together with pCMVdel-taR8.91 and pMD2.G. MCF7 cells were infected with virus particle-containing supernatants and selected and maintained with puromycin (1 g/ml), following selection of a stable single clone line. For experiments, cells were plated in puromycin-free medium. Treatments with carbonyl cyanide m-chlorophenylhydrazone (CCCP; 20 M; Merck Millipore), TNF (43 ng/ml; a kind gift of BASF, Mannheim, Germany), actinomycin D (AcD; 1 g/ml; Calbiochem), and staurosporine (STS, 1 M; Calbiochem) were performed in fully supplemented cell culture medium (FM) or in glucose-containing Hanks' balanced salt solution (Life Technologies, Inc.; catalog no. 14025), as indicated.
Immunofluorescence-Cells plated in 8-well microscopy -slides (ibidi) were transfected and/or subjected to the indicated drug treatments. Cells were then fixed with paraformaldehyde (4% in PBS, pH 7.4). For immunostaining, fixed cells were permeabilized with 0.3% Triton X-100 in PBS and blocked with 3% BSA. Then the cells were incubated with primary antibodies against Bax (Santa Cruz Biotechnology; catalog no. sc-493), cytochrome c (BD Biosciences; catalog no. 556432), Smac/DIABLO (Santa Cruz Biotechnology; catalog no. sc-22766), Tom20 (Santa Cruz Biotechnology; catalog no. sc-11415 or catalog no. sc-17764), TRAP1 (Novus Biologicals; catalog no. NB300-555), Lys-63 linkage-specific polyubiquitin (Merck Millipore; catalog no. 05-1308), or XIAP (Santa Cruz Biotechnology; catalog no. sc-55551) at room temperature for 1 h. Fluorescent staining was performed for 30 min at room temperature using highly cross-adsorbed Alexa Fluor 350, 488, 546, or 647 secondary antibodies (Life Technologies, Inc.).
Wide Field Fluorescence Imaging-A DeltaVision RT microscope system (Applied Precision) equipped with a ϫ60 oil immersion objective was employed for wide field fluorescence microscopy. Images of representative cells were captured using the z axis scan function or, when indicated, as z stacks with 0.15-m step sizes. Acquired images were deconvolved (SoftWoRx, Applied Precision). Image analysis and preparation were performed using ImageJ (rsbweb.nih-.gov). Representative images shown are total intensity projections (z axis scans) or maximal intensity projections (z stacks). Inverted grayscale was chosen for displaying single color channels for optimal detail visibility. In merged color images, pseudocolors correspond to font colors of protein labels within single color images. Immunofluorescence detection of endogenous proteins is indicated within single color images by "IF," to discriminate from detection of fluorescent protein-tagged proteins.
Quantifications of Fluorescence Microscopy Data-Images were acquired with identical exposure settings using the z axis scan function to capture total cellular fluorescence within a single image. The number of analyzed fields of view is indicated in plots.
Quantification of Cytochrome c and Smac-Identical cytosolic areas within treated cells were analyzed. Per cell, cytosolic regions were measured for integrated cytochrome c or Smac immunofluorescence intensity as a measure of protein level, and standard deviation of fluorescence signal, as a measure of mitochondrial cytochrome c/Smac content. Per condition and per image, we calculated the ratio of cytochrome c/Smac levels and standard deviations in cells expressing XIAP cells versus cytochrome c/Smac levels and standard deviations in nontransfected cells. Cells within at least four fields of view were analyzed per condition, each from at least three independent experiments.
Quantification of XIAP Levels-RFP-XIAP was expressed for 24 h in MCF7 cells, fixed, and immunostained for XIAP. Overexpression of XIAP was calculated from the immunofluorescence levels of transfected versus nontransfected cells.
Quantification of Caspase Activation in MCF7 Cells Expressing a GFP-based Caspase-3/7 Activity Sensor (19)-Identical cytosolic areas within control and treated cells were analyzed for GFP fluorescence. The impact of expressed proteins on GFP fluorescence was calculated for each image, based on relative changes ((transfected Ϫ nontransfected fluorescence)/nontransfected fluorescence). The fold change induced by CCCP or TNF/AcD, relative to control FM, is reported. Cells within at least four fields of view were analyzed per condition, from each of at least three independent experiments.
Quantification of MOMP Activation-At 24 h of expression of RFP or RFP-XIAP, MCF7 cells were treated for 3 h with STS or TNF, fixed, and immunostained for Smac. The numbers of RFP-or RFP-XIAP-positive cells with mitochondrial Smac, and with loss of mitochondrial Smac, were scored. At least six fields of view were analyzed per condition, from four independent experiments.
Western Blotting-MCF7 whole cell lysates were prepared with RIPA lysis buffer containing protease inhibitors. Dosed samples were electrophoresed using BisTris NuPAGE gels (Invitrogen), and proteins were transferred to nitrocellulose using the iBlot dry blotting system (Invitrogen). Immunodetection was performed using antibodies against ␤-actin (GeneTex; catalog no. GTX26276), cleaved PARP (Cell Signaling; catalog no. 5625), cytochrome c (Santa Cruz Biotechnology; catalog no. sc-131566), GAPDH (Santa Cruz Biotechnology; catalog no. sc-25778), GFP (Chromotek; catalog no. 3H9), and Smac (Santa Cruz Biotechnology; catalog no. sc-22766). Horseradish peroxidase-conjugated secondary antibodies were used for digital chemiluminescence detection. Blots shown are representative of three independent experiments.
Statistical Analyses-The probability of statistically significant increases or decreases between conditions of at least three independent experiments was determined using Student's t test. Two-tailed, unpaired t tests were performed for imaging experiments; one-tailed, unpaired t test was performed for Western blot analysis. Bar graphs represent values as mean Ϯ S.D. Box plots show individual data points and median values, and whiskers indicate range of data points. Scatter plots show individual data points and the linear fit, and the shaded area indicates confidence intervals. Asterisks indicate a statistically significant changes (p Ͻ 0.05).
Mathematical Modeling-Deterministic simulations of the SMBL file "BIOMD0000000220" from Albeck et al. (11) were performed using Copasi software (20) . Simulations were run with a 50% decrease to initial Smac concentrations and with a 3-fold increase of initial XIAP concentrations. Relative PARP cleavage is plotted over time.
Results

XIAP Translocation into Depolarized Mitochondria Requires
Bax or Bak-We recently showed that in response to BH3-only protein expression, XIAP E3 ligase activity leads to prominent mitochondrial ubiquitylation, associated with entry of XIAP and endolysosomal machinery into inner mitochondrial compartments, independently of mitophagy and Parkin (16) . We further showed that in cells transiently overexpressing XIAP, mitochondrial uncoupling with CCCP is sufficient for induction of these events and triggers Bax translocation to and clustering at the OMM.
Here, to determine whether Bax is required for XIAP entry into mitochondria, we examined pathway activation in Bax/Bak double-knock out (DKO) and control SV40 mouse embryonic fibroblasts (MEFs) (3, 21) . Treatment with CCCP (20 M) for 3 h failed to induce translocation of GFP-XIAP to mitochondria in Bax/Bak DKO MEFs (Fig. 1A) . In control MEFs, CCCP induced Bax cluster formation at and RFP-XIAP entry into mitochondria of all XIAP-overexpressing cells ( Fig. 1B) , suggesting that Bax and/or Bak are necessary components of XIAP entry. We therefore reconstituted Bax in DKO MEFs. Indeed, following CCCP treatment, all cells that co-expressed RFP-XIAP displayed GFP-Bax clustering and RFP-XIAP entry into mitochondria (Fig. 1C ), demonstrating that Bax reconstitution is sufficient to re-establish pathway activation. Note, in a subset of cells, RFP-XIAP and GFP-Bax localized to mitochondria even in the absence of CCCP, indicating that Bax overexpression alone can be sufficient to activate mitochondrial XIAP entry (data not shown).
We next examined whether, similar to Bax, the OMM-residing Bak (4) is activated during XIAP entry into mitochondria. Under normal growth conditions RFP-Bak, co-expressed with GFP-XIAP in MCF7 cells, localized to elongated mitochondria in the majority of cells homogeneously distributed at the OMM (data not shown). In response to 3-h CCCP treatment, RFP-Bak formed clusters at fragmented mitochondria that contained GFP-XIAP ( Fig. 1D ). To test whether, in the absence of Bax, Bak was sufficient to mediate XIAP entry into mitochondria, we co-expressed RFP-Bak with GFP-XIAP in Bax/Bak DKO MEFs.
In response to 3-h CCCP, Bak formed clusters at the OMM and, similar to Bax reconstitution, alone permitted mitochondrial XIAP localization.
XIAP-mediated Antagonism of Intrinsic Apoptosis
Mitochondrial Action of XIAP Is Suppressed by Bcl-2 and Bcl-x L Inhibition of Bax/Bak-Given the obligatory role for the presence of either Bax or Bak in XIAP entry into mitochondria, we speculated that inhibition of Bax/Bak via pro-survival Bcl-2 family proteins (22, 23) would block the CCCP-induced XIAP action at mitochondria. Indeed, CCCP treatment of Bcl-x Loverexpressing cells did not trigger mitochondrial translocation of XIAP ( Fig. 1E ). Moreover, Bcl-x L overexpression prevented mitochondrial Smac degradation (Fig. 1, E and F) , a hallmark consequence of CCCP treatment in combination with XIAP overexpression (16) . In contrast, the Bcl-x L (G138E/ R139L/I140N) mutant that does not bind Bax or Bak (24) did not inhibit XIAP entry into mitochondria or degradation of Smac (Fig. 1, E and F) , indicating that Bcl-x L blockage of mitochondrial XIAP action is dependent on its inhibition of Bax/ Bak. Similarly, wild type GFP-Bcl-2 suppressed XIAP targeting of mitochondria, whereas the GFP-Bcl-2(G145A) mutant with impaired binding to Bax (25) and Bak (26) permitted CCCPinduced mitochondrial entry of XIAP (results not shown) and Smac degradation ( Fig. 1F ). Taken together, Bax/Bak-mediated XIAP-induced MOMP permits XIAP entry into depolarized mitochondria and, similar to canonical MOMP, is suppressed by pro-survival Bcl-2 signaling.
Mitochondrial XIAP Action Is Part of the Cell Intrinsic Response to Staurosporine-and TNF-induced Apoptosis-In response to the overexpression of BH3-only proteins Bim EL , tBid, Bik, and Bad, endogenous XIAP levels are sufficient to induce ubiquitylation and endolysosomal targeting of mitochondria (16) . We therefore speculated that the mitochondrial XIAP pathway might be endogenously engaged during druginduced apoptosis. Wild type MCF7 cells were treated with the intrinsic apoptosis inducer STS or the death receptor ligand tumor necrosis factor (TNF), both of which trigger activation of endogenous Bid (27, 28) . Indeed, at 6 h of treatment, both STSand TNF-treated cells exhibited the characteristic phenotypes of XIAP-mediated mitochondrial processing (16) , including XIAP entry into ( Fig. 2A) and Lys-63-linked polyubiquitylation of ( Fig. 2B ) mitochondria. Moreover, Smac protein levels were markedly reduced in cells treated with staurosporine for 6 h, while cytochrome c levels were less impacted ( Fig. 2C) .
Because a hallmark of the combination of CCCP treatment and XIAP overexpression is the rapid activation of MOMP, as indicated by Bax (16) and Bak (Fig. 1C ) cluster formation at the outer mitochondrial membrane, and loss of mitochondrial Smac (16), we hypothesized that high XIAP levels might similarly promote MOMP activation in response to drug-initiated apoptosis induction. Therefore, we compared the activation of MOMP in MCF7 cells expressing either RFP or RFP-XIAP in response to 3 h of treatment with STS or TNF, using loss of mitochondrial Smac as the indicator of MOMP. Intriguingly, at this early time point, at which only a small percentage of TNFor STS-treated RFP control cells had undergone MOMP, in cells expressing RFP-XIAP the percentage of cells with loss of mitochondrial Smac was significantly increased 3-fold in response to both STS and TNF (Fig. 2, D and E) .
Taken together, XIAP action at mitochondria is activated by common drug inducers of apoptosis under endogenous protein levels, and during drug treatment high XIAP levels can sensitize cells to activation of MOMP. As high XIAP expression protects against TNF (10) as well as STS-mediated cell death (14) , and XIAP-induced MOMP of depolarized mitochondria results in degradation of Smac (16) , the above findings further support the possibility that mitochondrial action of XIAP can function as a novel cellular pro-survival mechanism.
Increasing XIAP Reveals Mitochondrial XIAP Action in Cells with High Executioner Caspase Levels-We initially observed XIAP action at BH3-only protein-targeted mitochondria in MCF7 cells (16) , which have low executioner caspase activity due to lost caspase-3 expression (29) . In HeLa cells, which typically undergo caspase-mediated death within minutes following MOMP (11), overexpression of activator BH3-only proteins tBid and Bim resulted in toxicity prior to detection of transgene fluorescence (data not shown). We thus speculated that high executioner caspase activity may outperform, and effectively mask basal mitochondrial action of XIAP. We therefore verified pathway existence in HeLa cells under XIAP overexpression, in the absence of an apoptotic stimulus. In accordance with our findings in MCF7 cells (16) , CCCP-induced mitochondrial depolarization, in combination with XIAP overexpression, was sufficient to rapidly trigger mitochondrial XIAP action also in HeLa cells, as indicated by Bax clustering at OMMs, translocation of XIAP to mitochondria, and mitochondrial Lys-63 ubiquitylation (Fig. 3A) . Likewise, cellular Smac levels were significantly decreased (Fig. 3, A and B) . Of note, in a subpopulation of HeLa cells cellular Smac levels were not reduced, as a sign of cell-to-cell variability visible in the singlecell analysis (Fig. 3B ). Furthermore, as observed with MCF7 cells (Fig. 1E ), both Bcl-2 and Bcl-x L suppressed XIAP action at mitochondria also in HeLa cells in a Bax suppression-dependent fashion (Fig. 3C ).
Next, we explored whether XIAP-mediated caspase inhibition would be sufficient to allow for tBid-mediated activation of the mitochondrial XIAP pathway in HeLa cells. Cells were transfected with GFP-XIAP, followed 6 h later by transfection with tBid-RFP, and analyzed at 24 h. In the absence of GFP-XIAP pre-expression, HeLa cells did not survive tBid-RFP expression, even when co-expressing GFP-XIAP (results not shown). HeLa cells pre-transfected with GFP-XIAP allowed for detectable tBid-RFP expression at 24 h. tBid-RFP-targeted mitochondria contained GFP-XIAP and prominent Lys-63linked polyubiquitin chains and displayed clustered Bax (Fig.  3D ). Furthermore, tBid-RFP-targeted mitochondria with intramitochondrial XIAP were depleted of Smac, but they often retained cytochrome c (Fig. 3, E and F) , similar to the observed differential effects of XIAP-induced MOMP on Smac and cytochrome c in CCCP-treated MCF7 cells (16) . These results indicate that XIAP action at mitochondria is enabled under conditions of reduced executioner caspase activities, either through caspase 3 deletion in MCF7 cells or XIAP overex-pression in HeLa cells. Furthermore, CCCP-and tBid-induced mitochondrial XIAP action was associated with Bax clustering, reduced Smac levels, and mostly mitochondriamaintained cytochrome c.
XIAP-mediated Membrane Permeabilization Is Distinct from Canonical MOMP and Targets Mitochondrial Smac Independent of Drp1-mediated Mitochondrial Fission-The specific targeting of Smac by XIAP-induced permeabilization of mitochondria, in a manner uncoupled from cytochrome c release ((16) and Fig. 3, E and F) , indicates that XIAP activates a mode of MOMP that is distinct from canonical MOMP. MOMP is often associated with mitochondrial fragmentation involving dynamin-related protein 1 (Drp1), a GTPase that induces physiological and stress-associated mitochondrial fission (17, 30) . Importantly, suppression of Drp1 activity can delay apoptotic MOMP-mediated release of cytochrome c, without altering Smac release (31, 32) . We therefore sought to explore the impact of Drp1 inhibition on mitochondrial XIAP action. MCF7 cells co-expressing GFP-XIAP and the K38A dominant negative mutant of Drp1 (DN-Drp1) (17) were treated with CCCP for 3 h. In contrast to the complete fragmentation of mitochondria by CCCP in XIAP-expressing cells (e.g. Fig. 4) , mitochondria in CCCP-treated GFP-XIAP and DN-Drp1 coexpressing cells displayed large, swollen, and often elongated morphologies (Fig. 4, A and B) . Intriguingly, DN-Drp1 co-expression did not block entrance of XIAP into mitochondria. Also, intramitochondrial Lys-63-linked polyubiquitylation, a previously determined marker for mitochondrial activity of XIAP (16) , was prominently present as indicated by Vx3K0-GFP ( Fig. 4B) (18) . Thus, XIAP/CCCP-induced mitochondrial permeabilization and processing still progress even under conditions of Drp1 inhibition.
To test whether XIAP-mediated degradation of Smac was likewise permitted under Drp1 inhibition, we quantified both mitochondrial and total cellular levels of endogenous Smac in response to XIAP/CCCP under co-expression of wild type (WT) RFP-Drp1 or RFP-DN-Drp1 in MCF7 cells (Fig. 4C ). Indeed, Smac was degraded also in the presence of RFP-DN-Drp1, as mitochondrial Smac levels were reduced to a similar extent in both WT Drp1 and DN-Drp1 co-expressing cells. Moreover, DN-Drp1 significantly increased XIAP/CCCP-induced reduction of total Smac levels in MCF7 cells, compared with WT Drp1 (Fig. 4C ). Also in HeLa cells RFP-DN-Drp1 coexpression did not block XIAP-induced mitochondrial permeabilization, as indicated by mitochondrial translocation of GFP-XIAP and loss of mitochondrial Smac (Fig. 4D ). Quantification of total cellular Smac levels in HeLa cells further demonstrates unaltered XIAP/CCCP-induced degradation of Smac in cells that co-express either RFP-WT-Drp1 or RFP-DN-Drp1 (Fig. 4E ). Note, unlike in MCF7 cells, DN-Drp1 did not further increase the degradation of total Smac in HeLa cells, indicating a degree of cell type-specific regulation.
We previously described that cells with XIAP/CCCP-induced MOMP displayed heterogeneous cytochrome c phenotypes, with subpopulations of cells displaying either mitochondrially retained or released and/or degraded cytochrome c (16) . Unlike Smac degradation, these cytochrome c phenotypes occurred in a manner independent of XIAP E3 ligase activity (16) . Thus, we next sought to determine whether DN-Drp1, which did not prevent mitochondrial XIAP-mediated mitochondrial permeabilization and Smac degradation ( Fig. 4 , C-E), but has been shown to inhibit cytochrome c release during canonical MOMP (17, 30) , could inhibit cytochrome c release in response to XIAP/CCCP. Indeed, when co-expressing DN-Drp1, the majority of cells that underwent XIAP/ CCCP-induced mitochondrial processing displayed mitochondrially retained cytochrome c (Fig. 4, F and G) . Quantification of total cellular and mitochondrial cytochrome c levels further demonstrates that although RFP-WT-Drp1 co-expressing cells exhibit pronounced cytochrome c release and degradation, RFP-DN-Drp1 co-expressing cells significantly decreased both cytochrome c release and degradation (Fig. 4H) .
Collectively, these findings demonstrate that XIAP-induced permeabilization of depolarized mitochondria can occur in the absence of Drp1-mediated mitochondrial fragmentation. Furthermore, following XIAP entry, XIAP targeting of Smac and cytochrome c release are two distinct events that can be separated by Drp1 inhibition. Together with our previous findings (16) , we conclude that XIAP E3 ligase-mediated intramitochondrial processing via endolysosomal entry into and ubiquitylation of mitochondria can be uncoupled from canonical MOMP.
Activation of Mitochondrial XIAP Action Can Protect against TNF-induced Apoptosis-Our work reveals that XIAP function during apoptosis signaling is more complex than previously understood. Because of XIAP multifunctionality, it is not readily possible to discriminate between the apoptosis-regulatory contributions via cytosolic caspase suppression (7-9) and the possible protective role for mitochondrial XIAP-mediated Smac degradation. Therefore, we utilized a previously established mathematical model developed for MOMP analysis (11) to explore the relationship between XIAP impact on mitochondrial Smac levels and XIAP control of post-MOMP signaling. We simulated mitochondrial XIAP action as a reduction of mitochondrial Smac prior to death receptor activation of canonical MOMP. Death receptor activation was simulated for combinations of reduced Smac (up to a 50% reduction; corresponding to Fig. 3B ) and up to 3-fold increased XIAP levels, corresponding to experimental XIAP overexpression (Fig. 5B ). PARP cleavage, as a readout for MOMP-activated executioner caspases (33) , was plotted for time points following MOMP (Fig. 5 ). Under standard conditions, pre-activation of Smac degradation in combination with WT (ϭ 1ϫ) XIAP levels resulted in a reduction to maximal PARP cleavage by only 6%. PARP cleavage, as readout for MOMP-activated executioner caspases (33) , was plotted for time points following MOMP (Fig. 5A ). As expected, increasing XIAP expression by itself suppressed PARP activation (Fig. 5A, dotted lines) . At higher XIAP levels, caspases were almost fully suppressed by cytosolic XIAP action alone, and consequently, reduced Smac had no appreciable further effect. Thus, mathematical modeling supports that reducing mitochondrial Smac prior to activation of canonical MOMP can potentiate XIAP-mediated caspase suppression, in a XIAP concentration-dependent manner.
We first explored this predicted protective effect of pre-activated Smac degradation experimentally in the setting of TNFinduced apoptosis in MCF7 cells expressing GFP or GFP-XIAP. To trigger mitochondrial XIAP action prior to death receptor induction of apoptosis, we pre-treated cells with CCCP for 2 h to activate XIAP at mitochondria, and subsequently we exposed the cells to TNF for 16 h. We monitored caspase activation via immunoblot detection of the cleaved form of PARP (Fig. 5B ). As expected, overexpression of XIAP decreased TNFinduced caspase activation. Moreover, CCCP pre-treatment suppressed caspase activation in wild type cells and to a greater extent in XIAP-overexpressing cells, supporting a pro-survival role of mitochondrial XIAP action. These data suggest that when mitochondrial depolarization precedes BH3-only protein-activated MOMP, XIAP-mediated mitochondrial processing can antagonize mitochondrial apoptosis signaling.
Alternatively, we constitutively targeted XIAP to the mitochondrial IMS via expression of RFP-XIAP, N-terminally fused to the IMS-targeting sequence of Smac. IMS-RFP-XIAP-targeted mitochondria contained unaltered Smac (Fig. 6A ). Upon treatment with CCCP for 3 h, ϳ50% of IMS-RFP-XIAP-expressing cells displayed a loss of mitochondrial Smac (Fig. 6B) , and within activated cells Smac levels were significantly decreased (Fig. 6C ). In addition, following activation of apoptosis with TNF/AcD for 3 h, IMS-RFP-XIAP-expressing cells exhibited significantly reduced Smac levels, compared with nontransfected cells that had undergone Smac release.
To measure the downstream impact on apoptosis, we utilized a GFP-based caspase sensor that fluoresces upon executioner caspase cleavage (Fig. 6, C-E) (19) . Importantly, 6 h of exposure to CCCP had no impact on caspase activity in XIAPoverexpressing cells, indicating that XIAP-induced mitochon-drial permeabilization does not per se result in caspase activation. TNF/AcD treatment significantly increased caspase sensor GFP fluorescence in control cells by 2-fold. In contrast, RFP-XIAP and IMS-RFP-XIAP maintained GFP fluorescence at basal levels, indicating that both constructs equivalently suppress executioner caspase activation.
Discussion
In addition to its well known function in caspase suppression (9) , XIAP can localize at mitochondria (13, 14, 16) and activate Bax-mediated mitochondrial permeabilization (13, 16) . Moreover, we previously reported that XIAP can enter BH3-only protein-targeted or CCCP-depolarized mitochondria, resulting in the degradation of its antagonist, Smac, through endolysosomal and proteasomal actions (16) . As MOMP-mediated release of Smac, and consequent inhibition of XIAP, is essential for activation of apoptosis (12) , this suggests an additional prosurvival role for XIAP during apoptosis. Here, we further investigated the function and regulation of XIAP at mitochondria during apoptosis signaling.
Importantly, we report that mitochondrial XIAP action is cell-intrinsically activated by TNF and STS, common drug inducers of apoptosis, and thus constitutes a previously undescribed component of apoptosis signaling. Mechanistically, we demonstrate that XIAP entry into depolarized mitochondria requires the presence of Bax or Bak, and was inhibited by prosurvival Bcl-2 and Bcl-x L (Fig. 7) . In this way both apoptotic MOMP and XIAP-activated mitochondrial permeabilization appear comparably regulated by these essential Bcl-2 protein family mediators of the intrinsic apoptotic pathway (23) .
Furthermore, our findings suggest that XIAP-activated mitochondrial permeabilization can selectively target Smac uncoupled from cytochrome c release. This is in contrast to canonical MOMP, which causes the simultaneous release of Smac and cytochrome c (34, 35) . We previously reported that following CCCP-induced recruitment of XIAP, mitochondrial Smac was degraded at a time point when only a fraction of cells had undergone cytochrome c release (16) . Here, we report that when activating MOMP via tBid expression in cells with high XIAP, Smac was degraded, whereas cytochrome c was maintained within tBid-targeted mitochondria. Furthermore, XIAP(W310A), a BIR3 mutant that lacks Smac binding (36) , entered the mitochondria without inducing Smac degradation, but permitted Smac release instead (16) . Together, these results suggest that XIAP can selectively and bi-directionally permeabilize the OMM, permitting XIAP entry and subsequent Smac degradation.
We explored Drp1 as a candidate regulator of selective OMM permeability, as loss of Drp1 activity can delay cytochrome c release without affecting Smac release in response to apoptosis induction (31, 32) . We found that suppressing Drp1 activity by expression of dominant negative Drp1 blocked XIAP-mediated cytochrome c release, but permitted Smac degradation. Moreover, we found that apoptotic triggers TNF and STS activated mitochondrial XIAP action and that increasing XIAP levels sensitized mitochondria to mitochondrial membrane permeabilization, indicating that XIAP action at mitochondria can occur parallel to or even precede MOMP. These findings provoke the immediate questions of whether XIAPmediated membrane permeabilization is a distinct "selective mode" of MOMP or a "transition state" toward MOMP, and whether Drp1drives entry to the "point-of-no-return" canonical MOMP during apoptosis. To help elucidate these questions, it remains to be determined whether XIAP inhibition of tBid-induced cytochrome c release is related to a direct effect of XIAP on Drp1 activity, to an effect on OPA1mediated mitochondrial cristae retention of cytochrome c (37), or to the latency period between Bax activation and Bax pore formation (38) . During intrinsic apoptosis signaling, mitochondria contribute to the progression of apoptosis through the release of pro-apoptotic proteins, including cytochrome c and Smac, from the intermembrane space to the cytosol. This is accomplished via Bcl-2 family of protein-regulated MOMP (indicated by solid lines). In the cytosol, cytochrome c promotes caspase activation through apoptosome complex formation, and Smac inhibits XIAP to relieve caspase suppression. In parallel, BH3-only protein activity or mitochondrial bioenergetics stress in combination with high XIAP levels induced a pro-survival XIAP-mediated mitochondrial processing pathway (indicated by dashed lines and yellow nodes). XIAP translocates to and enters into mitochondria, where its E3 ligase activity results in ubiquitylation (Ub) of OMM and inner mitochondrial compartments. Consequently, the XIAP inhibitor Smac is degraded through concerted endolysosomal and proteasomal action (16) . XIAP entry into mitochondria depends on Bax/Bak and is opposed by Bcl-2/-x L . Intramitochondrial XIAP-associated Smac degradation occurs independently of Drp1regulated cytochrome c release, i.e. uncoupled from canonical MOMP.
To functionally analyze XIAP action at mitochondria, we employed a mathematical model designed to quantitatively analyze MOMP dynamics (11) . Thereby we were able to gain insight into conditions that would discriminate XIAP action at mitochondria from XIAP suppression of caspases. Our simulations predict that increasing XIAP levels more than 2-fold overwhelms Smac antagonism capacity, while normal levels of XIAP are only slightly sensitive to reduced Smac. However, for up to 2-fold XIAP increases, which correspond to levels of XIAP overexpression tested here, modeling and experimental findings demonstrate potent mitochondrial XIAP-mediated protection against caspase activation.
Of note, our findings indicate that to engage a pro-survival role, XIAP is required to enter mitochondria and degrade Smac, prior to BH3-only protein-activated MOMP. As the period of MOMP-mediated protein release from all mitochondria can occur within 10 min (35, 39, 40) and caspase-mediated cell death can be activated within minutes following MOMP (11, 34) , we speculate that XIAP action at mitochondria is not efficient during rapid-onset apoptosis. While we demonstrate here the potential of mitochondrial XIAP to modulate apoptosis via pre-activation of mitochondrial depolarization or artificial targeting of XIAP to the IMS, the understanding of its in vivo role necessitates the identification of the mechanisms targeting XIAP to mitochondria. Although these upstream regulatory components of XIAP translocation to mitochondria remain undetermined, it has been identified that mitochondrial targeting by XIAP occurs under conditions of mitochondrial depolarization and in response to apoptosis induction by drugs and loss of cell-extracellular matrix interactions (13, 14, 16) . Here, we demonstrate that the initial event of XIAP translocation to mitochondria requires the presence of Bax and/or Bak. Furthermore, mitochondrial XIAP action is independent of Parkin and autophagy (16) , and PINK1 is not involved in its activation (results not shown). However, we envisage that the screening approaches used in recent years to delineate the PINK1/Parkin pathway are fully applicable for further investigating mechanisms of XIAP regulation.
In summary, our data characterize a novel pro-survival function for XIAP, as a concentration-dependent responder to apoptotic and bioenergetic stresses, upstream of caspase activation. As XIAP is increased in cancer (41) (42) (43) , and hypoxia and metabolic stresses decrease mitochondrial membrane potential (44) , future work will aim to identify mechanisms targeting XIAP to mitochondria, as well as conditions under which mitochondrial XIAP actions contribute to cancer cell chemoresistance. 
